The completion of the human genome sequence will greatly accelerate development of a new branch of bioscience and provide fundamental knowledge to biomedical research. We used the sequence information to measure replication timing of the entire lengths of human chromosomes 11q and 21q. Megabase-sized zones that replicate early or late in S phase (thus early/late transition) were defined at the sequence level. Early zones were more GC-rich and gene-rich than were late zones, and early/late transitions occurred primarily at positions identical to or near GC% transitions. We also found the single nucleotide polymorphism (SNP) frequency was high in the late-replicating and replication-transition regions. In the early/late transition regions, concentrated occurrence of cancer-related genes that include CCND1 encoding cyclin D1 (BCL1), FGF4 (KFGF), TIAM1 and FLI1, was observed. The transition regions contained other disease-related genes including APP associated with familial Alzheimer's disease (AD1), SOD1 associated with familial amyotrophic lateral sclerosis (ALS1) and PTS associated with phenylketonuria. These findings are discussed with respect to the prediction that increased DNA damage occurs in replication-transition regions. We propose that genomewide assessment of replication timing serves as an efficient strategy for identifying disease-related genes.
INTRODUCTION
Mammalian DNA replication proceeds in a precisely regulated manner whereby megabase-sized clusters of replicons are activated at distinct times in S phase (1, 2) . The replicons are heterogeneous in size, but most are 50-450 kb in length. Several to 10 (or more) contiguous replicons with origins that fire synchronously at a specific time comprise a megabasesized domain that can be visualized cytogenetically as a band by the replication-banding method (3) (4) (5) . The replicationbanding pattern is known to be fairly equivalent to G-or R-banding patterns. In general, G bands, which are composed primarily of AT-rich sequences, correspond to late-replicating zones; T bands (a subgroup of R bands), composed of GC-rich sequences, correspond to zones that replicate very early (3) (4) (5) (6) (7) (8) (9) (10) (11) . Ordinary R bands replicate early and are composed of both GC-and AT-rich sequences (9) (10) (11) . In the present study, we measured replication timing for the entire lengths of human chromosomes 11q and 21q, large portions of which our group (RIKEN) sequenced as a member of the International Human Genome Sequencing Consortium (12, 13) . We then examined the correlations between replication timing and genome characteristics that have biomedical significance and have been compiled on a genome-wide scale. Ten of the 15 known oncogenes/tumor suppressor genes on 11q and 21q were found to be located in or in the close vicinity of replication-timing transition regions. Furthermore, additional 21 genes related to well characterized diseases were found in the transition regions. This indicates that replication-timing transition regions are disease-gene-rich and therefore, are of medical significance.
RESULTS

General correlation between replication timing and GC% level
We measured replication timing of chromosomes 21q and 11q at the sequence level (14, 15) by examining 171 and 278 sequence-tagged sites (STSs), respectively. The average distance between the adjacent STSs was designed to be ∼200 kb for 21q and thus represents the length of a mid-sized replicon (1) (2) (3) (4) (5) . The average STS spacing for chromosome 11q, *To whom correspondence should be addressed. Tel: +81 559 81 6788; Fax: +81 559 81 6794; Email: tikemura@lab.nig.ac.jp which is larger, was ∼300 kb. It should be noted that as the study progressed, STS markers were designed more closely (e.g. one STS per 100 kb) in and near early/late transition regions to define these regions more accurately. The level of newly replicated DNA from cell-cycle fractionated THP-1 cells (a monocytic leukemia cell line) was quantified for each STS locus by a PCR-based method (14, 15) (Fig. 1) . To verify the protocol used, two X-chromosome genes F9 and PGK1, for which the replication timing was reported previously (14) , were analysed in advance using two different PCR primer sets each (Fig. 1B and C) . The replication period (S1-S4) for each locus was assigned on the basis of the cell-cycle fraction showing the highest level of replicated DNA. Replication timings of the two genes thus obtained were consistent with those reported previously (14) .
Examples of electrophoretic patterns for 11q and 21q loci were presented in Figure 1D . In Figures 2 and 3 , early (S1-S2)-and late (S3-S4)-replicated loci are denoted by red and blue ovals, respectively, and the intermediate stage (S2.5) is denoted by green ovals. Several to 10 contiguous loci that covered a few to several megabase areas replicated at identical or similar times during S phase. This provided molecular confirmation of the cytogenetic observation that early or late replicons cluster into a megabase-sized domain in which multiple origins fire fairly synchronously at a specific time during S phase (1) (2) (3) (4) (5) .
General correlation between replication timing and GC% level was observed for both 21q and 11q (Figs 2 and 3 ; atypical cases such as those observed near the centromeres or telomeres are described in the legends). Early zones were more GC-rich than were late zones. This was especially evident between the adjacent early and late zones, and replication transition occurred at positions identical to or near GC% transitions. The concordant transition of replication timing and GC% level is consistent with the molecular characteristics that were predicted for chromosome band boundaries (16, 17) . The histograms in Figure 4A , in which the GC% of BAC sequences containing individual STSs were examined for each timing category, reveal a general correlation between replication timing and GC% level. Late-replicating sequences corresponding to the S3 or S4 fraction had major peaks in the AT-rich range (<40% GC). In contrast, the major peaks for the earliest S1 sequences were more GC-rich (47.5-52.5% GC). The GC% of S2 sequences was distributed over a wider range.
A megabase-sized zone composed primarily of STSs belonging to one timing category is denoted in italic letters that specify the timing. The S1 and S2 zones are indicated with red and pink horizontal lines, respectively, in Figures 2 and 3 . An ideogram of the 11q banding pattern reported by Saccone et al. (10) and Bernardi et al. (11) , in which the isochore distribution was included, is redrawn in Figure 3B . Bands composed primarily of GC-rich H3 isochores and thus corresponding to T bands are indicated in red; ordinary R bands are indicated in white. The ideogram of the isochore distribution and the known mapping data compiled for STSs and genes by NCBI UniSTS (http://www.ncbi.nlm.nih.gov/sts/) and OMIM (http://www.ncbi.nlm.nih.gov/Omim/) indicate that the S1 zones correspond primarily to T bands and that the S2 zones correspond primarily to ordinary R bands. That the GC% of S2 sequences was distributed over a wide range (Fig. 4A) is consistent with the known complex characteristics of ordinary R bands; Each quantitative PCR contained BrdU-labeled DNA, two sets of locus-specific primers, plasmid pKF3 DNA and pKF3-specific primers (15) . PGK1 primer set 1 (223 bp product): C2 (5′-gggttggggttgcgccttttccaa-3′), D2 (5′-acgccgcgaaccgcaaggaacct-3′). F9 primer set 1 (156 bp product): F9F1 (5′-ataccttggctttttgtggattcc-3′), F9R (5′-aggaactagcaagagtgaggcct-3′). PGK1 primer set 2 (192 bp product): C2 (5′-gggttggggttgcgccttttccaa-3′), C2R (5′-taggggcggagcaggaagcgtcgc-3′). although R bands replicate early, they are composed of both GC-and AT-rich sequences (9, 11) . This indicates that differential replication timing is not merely a reflection of segmental GC% distribution. The S4 and S3 zones, which are shown by dark-and Figure 2 . Replication timing and GC% and SNP distributions on chromosome 21q. GC% distribution of the 21q sequence obtained from http:// www.ncbi.nlm.nih.gov/genome/seq/ was calculated with a 500 kb window and a 50 kb step. Start position was chosen according to Hattori et al. (12) and http:// hgp.gsc.riken.go.jp/chr21/chr21map/. Early (S1-S2) and late (S3-S4) replicated loci are indicated by red and blue ovals, respectively. If the difference in levels of replicated DNA between two consecutive cell-cycle fractions was <10%, the oval was placed at an intermediate position (e.g. S2.5, which is denoted by a green oval). Two loci near the centromere were found to replicate later than other S4 loci; a significant level of PCR product was also detected in the G 2 /M fraction, as observed previously for the FMR1 gene, which is responsible for fragile X syndrome (14, 25) . The respective blue ovals are placed below the S4 level. The adjacent S4-replicated region contains GC-rich repetitive sequences and is, therefore, more GC-rich than the neighboring S4 sequences. Distribution of SNP frequency was calculated with a 200 kb window and a 20 kb step and is indicated with a bar diagram. A megabase-sized zone that is composed primarily of STSs belonging to one timing category is indicated by a horizontal colored line; the S1 and S2 zones are indicated by red and pink horizontal lines, respectively, and the S3 and S4 zones are indicated by light-and dark-blue lines, respectively. Therefore, a space between the colored horizontal lines corresponds to the replication-transition region and the intermediate space between the edge STS of one timing zone and the adjacent STS in the transition region. Chromosomal band numbers were assigned by referring to NCBI OMIM (http://www.ncbi.nlm.nih.gov/Omim/), UniSTS (http://www.ncbi.nlm.nih.gov/sts/) and GENATLAS (http://www.citi2.fr/GENATLAS/). An ambiguous zone (21q22.1-q22.2) where band assignment differed among the databases was left blank. Positions of genes categorized as 1.1 and 1.2 by Hattori et al. (12) and of pseudogenes (category 5) are marked by a plus sign. Figure 3A , respectively, were found to correspond primarily to G bands composed of AT-rich L isochores and those of composed both L and H isochores (10, 11) , respectively ( Fig. 3B ). General correlations between replication timing zones and chromosomal bands were also observed for 21q, which has a much simpler banding pattern (10,11) (data not shown). Strehl et al. (18) have reported correlation of replication timing zones with chromosomal bands and identified a band transition in the 5 Mb region on human chromosome 13q.
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Gene and single nucleotide polymorphism (SNP) densities in individual timing categories
The positions of genes with known functions on 21q (12) are indicated in Figure 2 . Genes, but not pseudogenes, were found to be densely clustered in early replication zones. The histograms in Figure 4B show that the gene densities in the S1 and S2 zones on both 21q and 11q are higher than those in the S3 and S4 zones and the early/late transition zones. The gene density on 11q was lower than that on 21q and this may be due to the fact that the genomic sequence of 11q is incomplete (13) . We then examined correlation of replication timing with other genome characteristics that have biomedical significance. Distributions of SNPs compiled by the SNP Consortium (http:// snp.cshl.org/) are shown in Figures 2 and 3 . In general, SNP density in late-replicating zones appeared to be higher than that in early zones, and interestingly, major peaks of SNP frequency were often located in or near replication-transition regions especially belonging to late-replicating zones. Statistical analysis of SNP density on 21q showed that the SNP density in the S3 and S4 zones was higher than that in the S1 and S2 zones and the density in the S3/S4 transition was slightly higher than that in the S3 and S4 zones (Fig. 4C ).
Histogram analysis in Figure 4D shows also that SNP-rich regions are more abundant in the late and S3/S4 zones than in the early zones. Analysis on the incomplete 11q sequence available gave analogous results. However, from the viewpoint of statistical analysis, results were too preliminary to be published because of a vast amount of undetermined bases and abnormally long stretches of SNP-deficient sequence. Statistical analyses presented in Figure 4C and D support the results found in the SNP distribution on 21q presented in Figure 2 . The present findings are consistent with the prediction that the mutation rate in late-replicating zones may be higher than that in early zones (19, 20) and that levels of DNA damage may be elevated in paused regions for replication-fork movement (21-23) (the mechanism is discussed later).
Characteristic locations of oncogenes and tumor suppressor genes
We then investigated correlation of replication timing and localization of disease-related genes. Cancer-related genes were examined initially because 226 genes have been compiled in the Tumor Suppressor/Oncogenes file in the Curated Gene Lists of the Cancer Genome Anatomy Project (http://cgap.nci.nih.gov/Genes/CuratedGeneLists) and therefore, synthetic information for the oncogenes/tumor suppressor genes is available. Fifteen genes that have been mapped precisely on 21q and 11q were found in the list (Table 1) . To show their genomic positions, all genes are listed above replication-timing graphs on Figures 2 and 3. It should be noted that these genes were located primarily in or near replicationtransition regions. Eight of the 15 genes were located in early/ late transitions (indicated in bold in Table 1 ), and these included CCND1, which encodes cyclin D1, FGF4, ETS1 and FLI1. Oncogene ETS2 at an edge of the early/late transition and AML1 (RUNX1) in the S1/S2 transition are also indicated in bold. Collectively, 10 of the 15 genes were located in or in the close vicinity of the replication-transition regions. It is worth noting that three of the remaining five genes appeared to be located near the small-sized local transition of replication timing that could not be evaluated conclusively at the present level of resolution (Figs 2 and 3) . Recurrent chromosome aberrations found in cancer were also compiled by the Cancer Genome Anatomy Project (http:// cgap.nci.nih.gov/Chromosomes/RecurrentAberrationsTranslocations). Translocation cases were observed for four oncogenes/tumor suppressor genes on 21q and 11q and high cse.ucsc.edu/ was calculated with a 500 kb window and a 50 kb step. Undetermined bases (Ns) were omitted from the GC% calculation, but the nucleotide positions were not changed. If a total of N bases in a window exceeded a half of the window size, the data point was omitted and the neighboring data points were connected by a line. Early and late loci are denoted by colored ovals as described in Figure 2 . Calculation of SNP frequency and assignments of chromosome band numbers to individual megabase-sized timing zones were done as described in Figure 2 . Sequences in the subtelomeric region were found to replicate late even though their GC% levels were rather high. Positions of genes are not presented because those have been reported previously (13, 32) . (B) An ideogram of the 11q band-pattern reported by Saccone et al. (10) and Bernardi et al. (11) . Red indicates bands composed mainly of the most GC-rich H3 isochores and thus correspond to T bands. Ordinary R bands are indicated in white. G bands composed primarily of AT-rich L isochores are indicated in black, and those composed of both L and H isochores are indicated in gray.
frequencies (>100 cases) were observed for the three genes located in replication-transition regions (Table 1; indicated in  yellow on Figs 2 and 3) .
Genes in replication-transition regions
To further clarify the characteristics of the genes present in replication-transition regions, we searched for genes with known functions that were localized in early/late transition regions with the Human Genome Server 'Ensembl' (http:// www.ensembl.org/) and 'HGREP' (http://hgrep.ims.utokyo.ac.jp/). In addition to the eight oncogenes/tumor suppressor genes indicated in bold in Table 1 , 44 genes were found in the early/late transition regions ( Table 2) . Twenty-one genes associated with well characterized diseases in OMIM are indicated in bold. To show their genomic positions, 11 examples are listed below the replication-timing graphs on Figures 2 and 3 . These include APP, which is related to familial Alzheimer's disease (AD1); GRIK1, which encodes the neuronal glutamate receptor subunit GluR-5 that is related to juvenile absence epilepsy; SOD1, which is related to familial amyotrophic lateral sclerosis (ALS1); PTS, which is related to phenylketonuria III, IV; and three genes involved in lymphoma-or leukemia-associated gene fusion (NUMA1, API2, ARHGEF12).
DISCUSSION
Twenty-nine of the 52 genes located in early/late transition regions were found to be associated with well characterized diseases: eight oncogenes/tumor suppressor genes indicated in bold in Table 1 and 21 genes indicated in bold in Table 2 . Hypothetical genes predicted by computer analyses are not listed in Table 2 . Disease-related genes might be found among these hypothetical genes. We also did not include genes located in the S1/S2 or S3/S4 transitions (e.g. MLL or USP25, respectively) or close to the early/late transition (e.g. ATM). At the present level of PCR-marker density, it is unclear whether these genes are localized within the transition region. Further high density mapping of replication timing may be necessary because oncogenes/tumor suppressor genes are often located in or near S1/S2 transition regions (Figs 2 and 3) .
It is unclear whether the present findings can be generalized to other chromosomes because this is the first chromosomewide study of replication timing at the sequence level. However, several replication-timing transitions have been localized at the sequence level by megabase-sized measurements of replication timing. One transition was found in the junction region of MHC classes II and III where NOTCH4 is located (16, 17, 24) . Other transitions were found in the 3′ end of XIST (15) and near FMR1 (25) on chromosome X. An early/ late transition was found in the mouse Igh locus (26) . The respective genes have been associated with diseases in OMIM. It has been suggested that the probability of DNA damage, including DNA rearrangements, is higher for replication-transition regions than for other genome regions (21) (22) (23) . Multiple origins belonging to a single early-replicating zone are known to fire fairly synchronously at a specific time in early S phase, and the individual DNA forks meet and merge with oncoming adjacent forks in this early zone typically within 1 h (2,27,28). However, only the fork that starts at the edge of the early zone (13) were analyzed. In defining the early/late transition region (and also in analyses in Tables 1 and 2 ), the intermediate region between the edge STS of one transition region and the adjacent STS belonging to the neighboring timing zone was excluded from the transition region and the timing zone. (C) SNP density in four timing zones and replication-transition regions on 21q. Number of SNP sites in each 10 kb sequence belonging to four timing categories and replication-transition regions was calculated separately and means and SD values (small bars) are presented for individual categories. In this and the following histogram analysis, not only the early/late transitions but also the S1/S2 and S3/S4 transitions were included, and each early/late transition was subdivided into the individual transitions (e.g. into the S1/S2 and S2/S3 transitions). The intermediate region between the edge STS of one transition region and the adjacent STS belonging to the neighboring timing zone was included in the transition regions because of the operational necessity to define the S1/S2-and S3/S4-transition regions. (D) SNP-density distribution in individual timing zones and transition regions on 21q. Distribution of SNP sites per 10 kb was analyzed by histogram for individual timing categories.
is predicted to continue replicating for a period of a few additional hours or pause at specific sites in the replicationtransition region until it meets the edge fork initiated in the adjacent later-replicating zone (2, 17, 26) . A pause during replication is known to increase DNA breaks and rearrangements (21) (22) (23) . These characteristics may be associated with the present finding that disease-related genes tend to be located in or in the close vicinity of the transition regions.
It has been shown that early-replicating zones are composed primarily of loose chromatin structures and that late zones comprise compact chromatin in metaphase or interphase nuclei (1,4,5,7) . Therefore, transition of chromatin compaction likely Table 2 . Genes in early/late transition regions Genes in early/late transition regions, except for oncogenes and tumor suppressor genes (shown in bold in Table 1 
KCNJ1
Potassium channel ROM-K: Bartter syndrome type 2
KCNJ5
Cardiac ATP-sensitive potassium channel occurs within replication-transition regions. In terminally differentiated cells, such as neurons, the level of chromatin compaction that is established during the final round of DNA replication may be maintained. In the early/late transition regions, four neural disease genes (APP, GRIK1, SOD1 and DSCAM) were found (Table 2) . Interestingly, the 5′ ends of all four of these genes were found to replicate later than did the 3′ ends. For example, the 5′ end of APP replicated in S3, but the 3′ end, which is located 290 kb downstream, replicated in S2. This may reflect tissue-specific expression of these genes and suggests that the chromatin is more compact at the 5′ end. The transition of chromatin compaction within a gene might lead to reduced stability and increased susceptibility of the chromatin to various reagents in the gene locus including regulatory regions for gene expression. Cytogenetic data have shown that the replication-banding pattern and the R-and G-banding patterns are tissue invariant (3) (4) (5) . This, and the global correlation of replication timing with GC% level, suggest that the megabase-sized early-or late-replicating domains should be common among cell types. Despite the tissue-related invariance of the megabase-sized banding patterns, replicon-sized segments that harbor tissuespecifically expressed genes are known to replicate early in the respective tissues even if the segment is located within a latereplicating G-band zone (4, 5, 29) . Therefore, if the edge replicon in a G-band zone contains a tissue-specific gene, the edge segment may replicate early in that tissue. In such a case, the exact area of the replication-transition is cell-type dependent (25, 26) . If such a situation exists, it does not limit the usefulness of the present chromosome-wide approach, because the hypothesized dependence represents an important functional characteristic of the genomic region. Information acquired through genome-wide studies of replication timing will contribute substantially to our understanding of genome structure and function and of the molecular mechanisms in the pathogenesis of diseases. It may also serve as an efficient strategy for identifying disease-related genes.
MATERIALS AND METHODS
Cell-cycle fractionation and isolation of newly replicated DNA
Human acute monocytic leukemia cell line (THP-1; 2n = 46, XY; obtained from Health Science Research Resources Bank, Tokyo, Japan) was chosen because of the integrity of the karyotype (30) ; the integrities of chromosomes 11 and 21 were confirmed prior to this study (31) . THP-1 cells were labeled for 60 min with 75 µM 5′-bromo-2′-deoxyuridine (BrdU; Boehringer Mannheim, Germany). The BrdU labeling, cellcycle fractionation, and isolation of newly replicated DNA were performed according to the methods described by Hansen et al. (14) but with minor modifications (15) . The BrdU-labeled cells were washed with cold phosphate-buffered saline, fixed in 70% ethanol for 60 min, pelleted and resuspended in 70% ethanol at 4°C; they were then resuspended in staining buffer (14) followed by a 30 min incubation at room temperature. The cells were fractionated into six parts on the basis of the cell-cycle phase, G 1 , S1-S4 and G 2 /M, using an EPICS Elite cell sorter (Beckman Coulter, Fullerton, CA). Equal numbers of cells (4 × 10 4 ) were collected in microfuge tubes containing lysis buffer (14) followed by a 2 h incubation at 50°C. To provide controls for recovery of BrdU-labeled DNA, a mixture of [ 14 CHO DNA was added to each fraction. The DNA samples were purified by phenol/chloroform extraction and ethanol precipitation and dissolved in 460 µl of TE containing sheared salmon testis DNA (0.5 mg/ml); they were then sonicated to obtain fragments with an average size of ∼1 kb. These fragments were heat-denatured for 3 min at 95°C and cooled on ice. After addition of 56 µl of 10× immunoprecipitation buffer (14) and 80 µl of anti-BrdU mouse monoclonal antibody (25 µg/ml), the samples were incubated at room temperature for 20 min under constant rotation. Antibody-bound BrdU DNA was precipitated by addition of 15 µl of 2.5 mg/ml anti-mouse IgG, and the mixture was incubated for 20 min at room temperature. After centrifugation, the pellet was washed with 1× immunoprecipitation buffer, resuspended in 200 µl of digestion buffer (14) , and incubated overnight at 37°C. An additional 100 µl of digestion buffer was added, followed by overnight incubation at 37°C. The sample was subjected to phenol/chloroform extraction and, after addition of 20 µg yeast tRNA, DNA was precipitated with ethanol and dissolved in TE. The recovery and purity level of the BrdU DNA was checked by monitoring the radioactivity of the [ 3 H] and [ 14 C] counts of the CHO DNA (15, 17) . BrdU-labeled DNAs isolated from five independent FACS sorts were used and each DNA sample was tested in advance for two X-chromosome genes F9 and PGK1, for which replication timing was reported previously (14) . Bar diagrams in Figure 1C summarize the quantification data of the two genes testing the five independent DNA samples.
PCR-based quantification of replicated DNA
Replication timing of a particular locus was determined by quantifying the number of copies of that locus in the newly replicated DNA of each fraction with quantitative PCR (14, 15) . Locus-specific primers were selected based on the criterion that a single PCR product of the predicted size was amplified from THP-1 genomic DNA but not from CHO DNA. Primer pairs for two different loci were added to a single tube containing a constant amount of BrdU-labeled DNA from each cell-cycle fraction, which had been calibrated on the basis of the [ 3 H] count as described previously (15, 17) . In addition to locus-specific primers, each reaction contained a constant amount of plasmid pKF3 DNA and pKF3-specific primers for assessment of the PCR efficiency (15) . The reaction buffer contained 0.5 U AmpliTaq Gold (Perkin-Elmer, Branchburg, NJ) in 100 µl of the manufacturer's reaction buffer. The PCR conditions were as follows: 95°C for 9 min to activate AmpliTaq Gold; 32 cycles of 94°C for 30 s, 55°C for 1 min, 72°C for 1 min and a final extension at 72°C for 10 min. Gel electrophoresis, and FluorImager quantification were performed as described previously (15) . Replication timing of each locus was assigned after quantification of at least three independent PCR products from reactions in which annealing temperature, ratio of BrdU-labeled DNAs to pKF3 DNA, and pairs of locus-specific primers were altered. Unusual cases where a certain combination of primer sets brought on PCR products with unexpected sizes, additional bands or bands of evidently unequal intensity, were omitted from the analysis.
For each locus, at least two independent DNAs isolated from independent FACS sorts were used. Sequences and positions of the locus-specific primers used in this study and the timing of each locus will be published on the web pages (http://spinner.lab.nig.ac.jp/lab_evol/home-e.html; http:// hgp.gsc.riken.go.jp/).
